The recent trend to increase the efficiency and output of large two-stroke diesel engines raises the lubrication severity of the piston ring and the cylinder liner. The temperature of the cylinder liner also tends to increase, keeping the sulfuric acid above its dew point to reduce corrosive wear. One of the most important issues in this context is to prevent severe wear and scuffing under high temperature conditions. The present study was carried out to find out how the scuffing resistance of cylinder oil could be improved using a pin-on-disk type reciprocative sliding test apparatus, in which test conditions of high-speed, high-temperature and oil starvation were similar to those seen in actual diesel engines. It is found that the relationship between scuffing resistance and the total base number (TBN) of the cylinder oil varies greatly depending on the oil feed rate. Under fully flooded lubrication conditions, increasing TBN is effective for improving scuffing resistance. Under oil-starved conditions, however, the usage of high-TBN oils result in low scuffing resistance when compared to low-TBN oils due to the inferior oil film spreading of high-TBN oils. The addition of an oil spreading improver and a heat-resistant dispersant, which enhances oil film spreading under high-temperature conditions, as well as an extreme pressure agent is found to raise the scuffing resistance of high-TBN oils substantially.
Introduction
Lubrication between the piston ring and the cylinder liner in large two-stroke diesel engines is a complex process due to the variation in sliding speed, temperature and load during the piston stroke. The friction regime of the piston ring changes from fluid film lubrication at midstroke to boundary lubrication near dead centers. As the lubrication requirements of large two-stroke diesel engines become more severe with advances in efficiency and power output, the prevention of severe wear and scuffing have become important issues 1)- 4) .
The temperature of the cylinder liner also tends to increase, keeping the sulfuric acid generated by the combustion of high-sulphur containing heavy fuel above its dew point to reduce corrosive wear. In some engines, the cylinder liner temperature at top dead center has been increased to more than 270 °C 5) . Under such high-temperature operation, the lubrication conditions are very severe, rendering the cylinder oils subject to thermal degradation and vaporization and substantially lowering viscosity. It is thus essential to improve the scuffing resistance of cylinder oils in order to ensure satisfactory performance and reliability 6) .
The scuffing resistance of cylinder oils has been investigated using a four-ball machine, a Falex testing machine and a pin-on-disk testing machine 6)-9) . In these previous studies, however, the scuffing resistance has been evaluated under conditions of low speed (<1m/s) with fully flooded lubrication. In recent large diesel engines, however, the mean piston speed is greater than 8 m/s, and the piston ring pack lubrication operates under the oil-starved conditions 4) . The lubrication conditions in actual engines are thus very different from the conditions considered using conventional test rigs. Furthermore, there are very few reports that clarify the scuffing resistance of cylinder oil at high temperatures of about 300 °C.
In the present study, the scuffing resistance of cylinder oil is examined using a pin-on-disk type reciprocative sliding test apparatus under high-speed, high-temperature and oil-starved conditions similar to the actual conditions in large diesel engines. Table 1 Properties of fresh oil, used oil and centrifuged oil
The influence of oil viscosity, total base number and the used oil on the scuffing resistance is clarified, and the effects of an oil spreading improver, a heat-resistant dispersant and an extreme pressure agent are evaluated in order to identify effective approaches to improving scuffing resistance. Figure 1 shows a schematic diagram of the pin-on-disk type reciprocative sliding test apparatus. A downward-loaded ring specimen ③ (7 mm in width, 23 mm in length) is slid with an oscillatory motion on the surface of a rotating disk-shaped liner specimen ② (190 mm in diameter). The sliding velocity and direction of the ring specimen are varied cyclically so as to simulate the conditions in actual engines. The friction force acting on the ring specimen is measured by a load sensor ⑬. The lubricating oil is supplied onto the liner surface. The system is heated by electric heaters installed above and below the liner specimen with the temperature monitored by a thermocouple embedded at a depth of 0.5 mm in ring specimen. The liner specimen used in the tests was made of Takalloy cast iron, and the ring specimen was made of flake cast iron, both commercial materials used in conventional engines. The sliding surfaces of the liner and ring specimen were ground to a root mean square height of 0.38-0.40 μm. Figure 2 shows the typical changes in the surface temperature and friction of the ring during the test. To determine the scuffing contact pressure (Pmax), the mean sliding speed (U) was set at 8 m/s and the ring surface temperature (T) was set at 300 °C, and the loading contact pressure (P) was increased incrementally until scuffing occurred. The occurrence of scuffing was judged from sudden increase in surface temperature and friction force. Table 1 lists the properties of the test oils. The base oil used for testing was SAE50 TBN70 fresh oil, a commercial cylinder oil. The used oil containing 6.0 % pentane insolubles, such as unburnt fuel, soot and wear debris, was extracted from the drained system in a large diesel engine. The centrifuged oil, in which insolubles were almost completely removed from the used oil by centrifugation at 22×10 4 G, was tested in order to evaluate the influence of presence of insoluble in the used oil. The kinematic viscosity of the used oil was significantly higher than the fresh oil due to oxidation and the aggregation of soot. The total base number (TBN) was reduced from 69.6 to 24.1 mgKOH/g due to neutralizing 
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Influence of TBN on scuffing resistance Table 3 Properties of test oils for TBN evaluation by acidic products in the combustion gas of high-sulphur containing heavy fuel. These tests thus allow the influences of oil viscosity, TBN and insoluble on the scuffing resistance of cylinder oil to be clarified. The influence of oil viscosity was further evaluated using three test oils of the same type (nominal TBN, 70 mgKOH/g) but with different viscosities, as shown in Table 2 . A set of seven oils with a range of TBN was also tested to examine the influence of TBN, as shown in Table 3 . The TBN of fresh oils varies according to the amount of detergent additives contained in the oil. Neutralized oils were also prepared by adding sulfuric acid to the SAE50 TBN 70 fresh oil to lower the TBN value. Figure 3 shows the influence of oil viscosity on the scuffing resistance under two oil feed rates (5 and 0.5 mg/s). The scuffing contact pressure (Pmax) obtained with all test oils (SAE 30, SAE40 and SAE 50 fresh oils) was lower at 0.5 mg/s oil feed rate than at 5 mg/s, while the scuffing resistance was higher for higher viscosity oils under both conditions Figure 4 shows the influence of TBN on the scuffing resistance given oils with the same viscosity (SAE50 Influence of viscosity on oil spreading detergent additives contained in the oil. At the high feed rate (5 mg/s), the scuffing contact pressure increases with TBN, while at the low feed rate (0.5 mg/s), the scuffing contact pressure decreases with increasing TBN. The relationship between scuffing resistance and TBN of the cylinder oil thus varies greatly depending on the oil feed rate. In large two-stroke diesel engines, the TBN of cylinder oil is reduced due to neutralization by acid products in the combustion gas of heavy fuel. Figure 5 shows the influence of TBN on the scuffing resistance for oils neutralized with sulfuric acid. At the high feed rate (5 mg/s), the scuffing contact pressure is lower when using the low-TBN oil (large amount of added sulfuric acid) than for the high-TBN oil, primarily due to the reduction in viscosity caused by the addition of sulfuric acid. However, at the low feed rate (0.5 mg/s), the scuffing contact pressure increases as the TBN decreases. Thus, the relationship between scuffing resistance and TBN for neutralized oils also varies greatly depending on the oil feed rate.
Test Results and Considerations
Influence of oil viscosity and TBN on scuffing resistance
There are many reports in which high-TBN oil has been demonstrated to be effective for enhancing scuffing resistance, where calcium carbonate in the detergent additive functions as an extreme pressure agent 10) . The present study has also shown that high-TBN is effective for raising scuffing resistance under fully flooded lubrication conditions (5 mg/s feed rate). However, under oil-starved lubrication conditions (0.5 mg/s feed rate), the use of high-TBN oil results in reduced scuffing resistance compared to low-TBN oil. To clarify this discrepancy with previous reports, the spreading characteristics of oil film were evaluated, as discussed below.
Influence of oil viscosity and TBN on oil film spreading
The oil film spreading characteristics were evaluated by measuring the spread oil area after one oscillation of ring sliding on the rotating liner, as shown in Figure 6 . The rotating speed of liner was set at 100 rpm, and the surface temperature was set at 250 °C. A small quantity of oil (0.03 g in weight) was initially placed on the liner surface 11) . Figure 7 shows the influence of oil viscosity on oil film spreading. The spread oil area (Ao) increased with oil viscosity. It is known that low-viscosity oil generally exhibits better oil film spreading characteristics. However, under the present high-temperature conditions, low-viscosity oil exhibits inferior oil film spreading characteristics due to volatilization. Figure 8 shows the influence of TBN on oil film spreading for oils with varying amount of detergent 
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Influence of oil additives on oil spreading and scuffing resistance additives. The oil film spreading deteriorated significantly as TBN increased. Figure 9 shows the influence of TBN on oil film spreading for neutralized oils. Although the oil viscosity decreased with increasing sulfuric acid content, which would suggest under high-temperature conditions that the oil film spreading would be inhibited (see Figure 7) , oil spreading actually improved as the TBN decreased. The results shown in Figures 8 and 9 demonstrate that high-TBN oil containing large amounts of calcium carbonate exhibit inferior oil film spreading characteristics, probably due to the generation of hard sludge from calcium carbonate under high-temperature conditions 1) . The performance of cylinder oil depends on many factors, including viscosity, oxidation and thermal stability, detergency, neutralizing ability, extreme pressure (EP) properties and oil film spreading characteristics. Under fully flooding conditions, the calcium carbonate in detergent additives provides improved extreme pressure properties and thus greater scuffing resistance. Under oil-starved conditions, on the other hand, the oil film spreading characteristics also influence the lubrication properties. If the oil film is not spread sufficiently on sliding surfaces, the oil film can not recover quickly at the metal-to-metal contacts after oil film breakage. Thus, despite the enhanced extreme pressure properties of calcium carbonate, the inhibited oil spreading of the high-TBN oils results in poorer scuffing resistance at low feed rates (0.5 mg/s). As oil-starved condition is predominant in the piston ring pack of actual engines, it is important to address the poor oil spreading performance of high-TBN oils in order to ensure improved scuffing resistance.
Measures to enhance scuffing resistance of high-TBN oil
In large two-stroke diesel engines, which combust heavy fuels containing large amounts of sulphur, it is necessary to use high-TBN oil to neutralize acidic products and thereby prevent corrosive wear. It is therefore important to determine how the scuffing resistance of high-TBN oil can be enhanced. Four different additive formulations, meeting SAE50 TBN70 fresh oil, were tested, as listed in Table 4 . Two kinds of dispersant additive were evaluated; succinimide as commonly used in conventional cylinder oil, and boron-containing succinimide with enhanced heat-resistant properties. The effects of silicon as an oil spreading improver and zink dialkyl dithiophosphate (ZnDTP) as an extreme pressure (EP) agent were also evaluated. Figure 10 (a) shows the oil film spreading characteristics of the four test oils. With the addition of silicon (Fresh oil (1)), the spreading oil area (Ao) becomes significantly larger than that of conventional SAE50 TBN70 fresh oil. Silicon, commonly used as an anti-foam additive in lubricating oil 12) , is effective in improving the oil film spreading characteristics of high-TBN oil. Silicon has low surface energy, and has been shown to be effective for spreading oil film on sliding surfaces 13) . The addition of boron-containing succinimide (Fresh Oil (2)) also increases the spreading area. Although succinimide used in the conventional oil reduces surface energy, the effect is less pronounced under high-temperature conditions. However, boron-containing succinimide, with its better heat-resistance, improves oil film spreading even at high temperatures. The addition of an extreme pressure agent dose not appear to enhance oil film spreading (Fresh oil (3)). Figure 10 (b) shows the scuffing resistance of these four test oils. The scuffing contact pressure (Pmax) of Fresh Oil (1) is higher than that of the conventional SAE50 TBN70 fresh oil, indicating that the addition of an oil spreading improver is effective for improving the scuffing resistance of high-TBN oil under high-temperature conditions. Boron-containing succinimide is also effective in improving the scuffing resistance. The extreme pressure agent, while not improving oil film spreading, is also effective for enhancing the scuffing resistance.
Theses results demonstrate that the use of an oil spreading improver and a heat-resistant dispersant, which enhance oil film spreading under high-temperature conditions, as well as an extreme pressure agent are effective for raise the scuffing resistance of high-TBN oil under realistic operating conditions. Figure 11 shows the oil film spreading and scuffing resistance for SAE50 TBN70 fresh oil, used oil and centrifuged oil. The spread oil areas (Ao) of the used and centrifuged oils are smaller than that of fresh oil, although centrifugation to remove insolubles improves the oil spreading of the used oil. The used oil contained large amounts of insolubles, such as soot and wear debris, which greatly impair oil film spreading 11) . The scuffing resistance of the used oil is also significantly lower than that of the fresh oil, while the centrifuged oil is intermediate between the two.
Influence of used oil
Used oil has higher viscosity and lower TBN than fresh oil, which generally improve scuffing resistance, as shown in Figures 3 and 5 . However, the scuffing resistance of the used oil is in fact significantly lower than both the fresh oil and the centrifuged oil, attributable to the inhibition of oil spreading by the high insoluble content. It is therefore important to ensure that the oil film spreading of used oil is maintained high through the development of an appropriate dispersant additive in order to improve the scuffing resistance
Conclusions
From experiments conducted to evaluate the scuffing resistance of cylinder oils using a pin-on-disk type reciprocative sliding test apparatus under high-speed, high-temperature and oil-starved conditions similar to the actual conditions in large two-stroke diesel engines, the following conclusions were obtained: (1) The relationship between scuffing resistance and TBN of the cylinder oil varies greatly depending on the oil feed rate. Under fully flooded lubrication conditions, increasing the TBN is effective for improving the scuffing resistance. Under oilstarved lubrication conditions, however, the use of high-TBN oil results in poorer scuffing resistance compared to low-TBN oil due to the inferior oil film spreading characteristics of high-TBN oil under such conditions. (2) As oil-starved lubrication is the predominant condition in the piston ring pack of actual engines, high-TBN oil exhibits degraded scuffing resistance performance. The use of an oil spreading improver and a heat-resistant dispersant, which enhances oil film spreading under high-temperature conditions, as well as an extreme pressure agent was found to raise the scuffing resistance of high-TBN oil under realistic engine operating conditions. (3) In the case of used oil, the viscosity is increased and the TBN is decreased compared to fresh oil. Rather than improving the scuffing resistance, however, the reduction in oil spreading due to the high content of insolubles results in a marked decreases in scuffing resistance. It is therefore important to ensure that the oil film spreading of used oil is maintained high through the development of an appropriate dispersant additive in order to improve the scuffing resistance
